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Abstract: The Time-Of-Flight (TOF) measurement device is a key component in satellite
laser ranging and is a limiting factor in absolute data accuracy, especially at the one
millimeter level. Therefore; optimizing the performance of these TOF devices is critical
in achieving new scientific accuracy requirements.

In the rest of this paper, we will discuss the key specifications of the ILRS network TOF
devices, TOF device error sources and generic BEST TOF device practices.

I ntroduction:

In Satellite Laser Ranging (SLR), there are two timing measurements, the time (epoch) of
laser fire and the roundtrip TOF of the optical pulse. In this paper, we will restrict the
discussion to the key system components involved in the TOF measurement (i.e. the TOF
device and the master clock).

There are two approaches in measuring the TOF, time interval counting and epoch event
timing. In time interval counting, the elapsed time between laser fire and its satellite echo
is measured/counted. In epoch event timing, the time of these 2 events (laser fire and
satellite echo) are stored, from which a TOF is derived.

Raw satellite TOFs must be corrected (i.e. calibrated) for optical and electronic delays,
inherent in a SLR system. This calibration value is commonly referred to as system delay.
For a given satellite segment or pass, these calibrated satellite TOFs are compressed into
normal points, using the Herstmonceux algorithm, and transmitted expeditiously to the
ILRS global data centers.

As the ILRS pushes toward 1 MilliMeter (mm) absolute accuracy, ALL potentia error
sources must be reduced to much less than (<<) 1 mm to ensure the Root Sum of the
Squares (RSS) of al sourcesis lessthan 1 mm. TOF devices, in particular, can be a major
source of random (i.e. jitter) and systematic error.



Below are the definitions of some terms that will be used throughout the document.

ACCURACY - the deviation of a measurement from a standard. [ Example: range

bias]

PRECISION — the deviation of a set of measurements about their mean.
[Example: single shot RM S

RESOLUTION — the minimum differential measurement, which can be made.
[Example: granularity of a TOF device]

STABILITY — ameasure of the constancy of some quantity over time. [Example:

range bias stability]

JTTER - the random displacement of a signa from its absolute location.
[Example: counter jitter]

LINEARITY - the relative accuracy between measurements. [Example: counter

linearity]

ALLAN DEVIATION - nonclassica satistic used to estimate stability.
[Example: frequency stability]

Currently, there are 6 manufacturers of TOF devices used in the ILRS network, each with
its own specifications (see Table 1). These specifications were either taken from
operational manuals or published papers.

Table 1. ILRS Network TOF Device Specifications

Manufacturer ﬁ:/luorgglt Year |Approach Res((lJCI)g)tion ‘](Igg Lirzsas\;ity S[tsglgi[y [%s?]icl):?] reg:ilﬁzi.on ('-\I—S/EE)
| R | 620 (1988 |Intevd | 4 |2 | s | 5 | | 100 | 1000
| HP | 5370B [ 1982 | Inteva | 20 | 3% | 20 | | 10 | 10
"gr‘]’ii\?_” AO13a | 2002 | Interval 10 20 2 2 80 | 0.209
Ortec TD811 |<1980 | Event 100 40 N.A.
| PESO Cons. |PET4/TIGO | 1999 | Event 12 |35 3 | <03 | <05 | >100 |NA.
| EOS |MRCSV.4 | 1998 | Event 2 |10 | 1 | |1 | 1000 | NA.
| HTSI ‘ MLRO ‘1998 | Event 05 ‘ < | | ‘ 05 | 2000 |N.A.




Currently, more than % of the approximate 35 ILRS sites have time interval counters,
which were manufactured by either Stanford Research Systems, Hewlett-Packard, or the
Latvian University. Less than % of the ILRS sites have event timers, which were
manufactured by either PESO Consulting & Thales (formerly Dassault), Electro-Optics
Systems, Honeywell Technology Solutions Incorporated, or ORTEC EG& G (see Figure
1).

Figure 1. ILRS Network TOF Devices (October 2002)
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Below are general PROS and CONS of each type of device:

Time Interval Units

PROS - inexpensive (<10K), can provide sub-centimeter accuracy with proper
care and calibration versus a standard



CONS — maximum time-of-flight, laser repetition rate limited to <100Hz, requires
specia test equipment or multiple counters to measure non linearity's, may be a
limiting factor in 1 mm absolute accuracy

Event Timers

PROS — supports lunar, interplanetary, and KHz ranging, picosecond event timers
are NOT alimiting factor in 1mm absolute accuracy

CONS — picosecond event timers are expensive

Error Sources:

The errors and specifications of these different timing devices are different, but the error
sources are the same. Below are the equations:

TOFErr =Res+ (Df / f,” TOF) + SartTrErr £ SopTrErr £ SysErr

Res = J[DevResz +(STS™ TOF)* + SartTrJt* + StOpTrJtz]/
N
2 + 2
TrErr = _|- (Einpm E, o )
input _slew_rate
Abbreviations:

TOFErr —time of flight error
TOF —time of flight
Res - resolution

Dfo / fo - timebase (frequency) error

SysErr — systematic error
DevRes — device resolution
STS - short term stability
TrErr —trigger error

TrX —trigger jitter

E - input signal noise

input

E - internal signal noise

internal



We will now examine each term in the top equation in detail. Thelst term, the resolution,
is represented by the 2" equation. The resolution is a random error. It is dependent upon
the TOF device resolution, the short term stability of the external timebase (frequency),
the TOF device start and stop trigger jitters, and the number of observations in the normal
point formation. The TOF device resolutions and jitters are presented in Table 1.

The 2" term is the timebase error of the external oscillator (i.e. master clock) multiplied
by the TOF. The timebase error is commonly represented as Dfo/ fo. In Table 2 below

is a representation of the impact of an oscillator error on the rmange measurement for
different satellite time intervals.

Table 2. Influence of Dfo/ f0 on Range Measurement (all unitsin mm)
(Note: Maximum TOFsin milliseconds (ms) appear in the header row.)

0 0 1,000,700ms
1.E-07 374.741 899.377 3297.717 37474.057  15000000.000
1.E-08 37.474  89.938  329.772  3747.406 1500000.000
1.E-09 3.747 8.994 32.977 374.741 150000.000
1.E-10 3.298 37.474 15000.000
1.E-11 0.037 0.090 3.747 1500.000
1.E-12 0.004 0.009 0.033 150.000
1.E-13 0.000 0.001 0.003 0.037 15.000
1.E-14 0.000 0.000 0.000 0.004 1.500

1.E-15 0.000 0.000 0.000 0.000

1.E-16 0.000 0.000 0.000 0.000 0.015

>10mm
>1mm but <10mm

<0.1mm

In SLR, for agiven Df0 [ f .» therange error is dependent upon the duration of the entire

pass (e.g. for LAGEOS less than 50 minutes or 3000 seconds) and the TOF. The timebase
error is systematic and therefore critical. There are 4 magjor classes of oscillators, crystal,
rubidium, cesium, and hydrogen masers, each having their own range of aging
performance represented in Table 3 below. Phase-locking an oscillator to the 1 Pulse Per
Second (PPS) from a GPS receiver can enhance the long-term aging effects of crystal and
rubidium clocks. Figure 2 below is a usage chart of ILRS network oscillators based on
ILRS site log contents.

The 3¢ and 4™ terms in the top equation are the start and stop trigger errors, which are
explained in more detail in the last equation. The trigger error is based upon the input and
internal signal noise and input Slew rate. The 5" term is the systematic error, which can
come from nontlinearities and other in-stabilities in timers (i.e. temporal drifts, drift with
temperature). These systematic errors can virtually eliminated via proper calibration.



Table 3. Long Term Oscillator Performances
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Figure 2. ILRS Network Oscillators (October 2002)
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Generic BEST Practices:

Below are the BEST practices that are general and applicable to any time of flight device
(time interval count or event timer) used for SLR/LLR applications:

1.

Signal integrity:

a) Use only high-quality cables and connectors.

b) Take great care with shielding and grounding in order to make sure that all
Noise sources are minimized.

External frequency (" Clock source"):
a) Supply each timer with a separate, high quality 5 or 10 MHz sine wave,
b) Make sure that the timer is set up to take an external "clock source”:

Power supply:

a) Never switch off. If the timer has been switched off for any reason, allow
adequate warm up before any operational use. Please refer to the manufacturer’s
operations manual for more information.

b) Use a stable mains voltage supply (for this and many other instrumentsit is
useful to monitor the mains voltage regularly and warn when it fals).

¢) Use atransient suppressor to prevent voltage "spikes' reaching the timer.

Environmental Control:

a) Maintain a stable working environment around the timer.

b) Keeping the temperature constant is particularly important.

¢) Monitoring the temperatures of air at the timer air inlet and air outlet will give
quick feedback of potential problems;

d) Maintain a good airflow around and through the instrument.

€) Be aware that near-by air-conditioning units, cycling on and off, can
substantially alter the temperature of the air in the vicinity of the timer, evenin a
supposedly temperature stabilized room.

Non-linearity/timer calibration:

a) For picosecond event timers, perform optical calibration as recommended by
the manufacturer.

b) For time interval counters, either cluster the time interval units to help
"average" non linearities or calibrate each device versus a picosecond event timer
and model any nortlinearities in data processing.

Jitter:
a) Monitor the jitter of the timer at least monthly.



Conclusion:

The error sources of timing devices are very similar; however, the magnitudes of the
absolute errors can vary significantly depending upon manufacturer specifications,
calibration procedures, maintenance practices and the external timebase (i.e. the
oscillator). Pico-second event timers are NOT a limiting factor in achieving 1mm
absolute ranging accuracies.
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